arXiv:1307.1141v1 [hep-th] 3 Jul 2013

MPP-2013-184

Stabilization of Odd Axions in LARGE Volume Scenario

Xin Gao^{†, ‡1} and Pramod Shukla^{†2}

† Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany

‡ State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, P.O.Box 2735, Beijing 100190, China

Abstract

In the context of the LARGE volume scenario, stabilization of axionic moduli is studied. This includes both even and odd axions with their scalar potential being generated by various tree-level and non-perturbative effects like fluxed E3-brane instantons and fluxed poly-instantons. In all the cases, we estimate the decay constants and masses of the axions involved.

1Email: gaoxin@mppmu.mpg.de 2Email: shukla@mppmu.mpg.de

Contents

1 Introduction 2

2 Preliminaries 4

3 Extended LARGE Volume Scenario 9

4 Extended Poly-Instanton LARGE Volume Scenario 18

5 Conclusions 22

A Kinetic matrices for various K ansatz 24

B Scalar potential and Moduli Stabilization 26

C Expressions for odd-axion masses 28

1 Introduction

Axions play an important role in physics beyond the Standard Model and, via axion driven inflation, might provide a bridge between particle physics with cosmology. On the particle physics side, axions were introduced to solve the strong CP problem of QCD [1, 2, 3, 4, 5, 6]. The two main parameters relevant in axion physics are the axion mass and the axion decay constant. For QCD axion, from the energy loss of astrophysical objects one gets the lower bound f_a > 10^9 GeV. From the axion contribution to the dark matter energy density of the universe one can also derive an upper bound, which however depends on the so-called initial misalignment angle. In the most natural case, this leads to f_a < 10^{12} GeV, but can be larger by allowing some tuning.

For realizing inflation the essential ingredient is a (pseudo-)scalar field, which has a sufficiently flat potential allowing for a long period of slow roll. Due to the shift symmetry of the axions, a non-trivial potential is only generated at the non-perturbative level, making them ideal candidates. For consistency with the recent observations of anisotropies in the cosmic microwave background(CMB), the axion has to roll over trans-Planckian distances, i.e. these models are of large field inflation type with f_{infl} ≳ M_{pl}. This leads to a mass of the inflationary axion around the GUT or string scale [4, 5, 7, 8, 9, 10]. Axions have also been discussed as potential quintessence fields for explaining the dark energy scale and the acceleration of the present universe [11]. It is very attempting to combine all of these three axionic scenarios into a single theoretic framework. This has been proposed recently in [12] in a purely field theoretic context.

Since in all three scenarios the axionic decay constants are very high, a treatment in a UV-complete theoretical framework such as string theory is desirable and has indeed been pursued. Axionic fields are already ubiquitous in superstring theories in ten-dimensions and via compactification generically lead to the order of 10 − 10^2 axionic fields in four dimensions [13, 14]. These axions often appear in a chiral supermultiplet, where they are combined with a scalar field, a so-called saxion, which describes the deformation of the underlying compact geometry. These geometric moduli can for instance be the Kähler or complex structure moduli of Calabi-Yau manifolds. For a string model to be realistic, all moduli have to be stabilized as they lead to unobserved fifth force and interfere with the standard big bang cosmology, in particular big bang nucleosynthesis [13, 14, 15].

The standard paradigm for string moduli stabilization is described (and better understood) in the framework of type IIB orientifolds with O7 and O3-planes, where a combination of background three-form fluxes and D3-brane instantons can lead to a potential for the dilaton, the complex structure and the Kähler moduli [16, 17, 18, 19]. Taking also the leading order perturbative correction to the Kähler potential into account, a non-supersymmetric AdS-minimum at large overall volume appears. This is the so-called LARGE volume scenario (LVS) [20], which has been exploited in the literature in the context of getting realistic particle physics and realizing inflationary cosmology both (See [21, 22] and references therein). Recently, the orientifold even axionic sector was scrutinized [23] leading to the proposal that in the context of the LVS there exists a whole axiverse, which means that the decay constants of the different axions vary over a wide range of values. This is mainly owed to the fact that different axions get different volume suppression factors in their kinetic terms. Further, most of these studies are only focused on the orientifold even sector of axions. A detailed analysis in these directions with orientifold odd axionic sector is missing. However, in some models, moduli stabilization [24], inflationary aspects [25, 26, 27] as well as particle pheno model building [28] with the inclusion of involutively odd (1,1)-cohomology sector have been initiated in the meantime.

These orientifold odd axion also play a crucial role in global model building in string compactification. Here we have in mind the string constraints governing the coexistence of D7-branes, fluxes and instantons, like the chirality problem pointed out in [29] or the Freed-Witten anomalies [30]. The chirality issue comes with the appearance of extra zero modes located at the intersection between the instanton E3-brane and D7-brane supporting the visible sector. This prevents a class of instantons from participating in moduli stabilization. Several approaches have been proposed in building up models which (could) avoid such a problem. One way is, not to support the visible sector on the divisor which gives rise to the non-perturbative superpotential contribution [31, 32, 33, 34]. Models which support visible sector with D-branes at singularities have been proposed in [33, 34] in which one needs to embed such singularities in a compact Calabi-Yau threefold

X with non-zero odd components in cohomology class H^{1,1}_− (X/σ). Another way to avoid the chirality issue is to include the gauge flux on the instanton E3-brane supported by the orientifold odd two-cycle [35]. For having the fluxed-instanton contribution, one needs the involutively odd-moduli (b^a, c^a) which arise from the NS-NS field B_2 and R-R field C_2 in type IIB orientifolds to correct the E3-brane superpotential and remove the extra charged zero modes. These odd axions combine in pure axionic chiral multiplets for which the entire complex boson is made from axions. These new chiral multiplets G^a appear in the effective action, i.e. in the Kähler- and superpotential in a completely different manner than the even moduli so that they must be treated separately. In addition, we also include those axions sitting in the same chiral multiplet as the saxions governing the size of four-cycles having the right topology to support so-called poly-instantons. These are sub-leading non-perturbative contributions which can be briefly described as instanton corrections to instanton actions. These were introduced in [36], further elaborated on in [37] and have been analyzed recently in the context of the LVS in [38, 39, 40, 41, 42, 43, 44, 45, 46]. In order to support the odd moduli in models of (type IIB) string compactification, a classification of the involutions on the toric Calabi-Yau threefolds with h^{1,1} ≤ 4 which may result non-zero odd component of (1,1)-cohomology class is also studied in [47].

The article is organized as follows. In section 2, we start with a brief review of a generic Type IIB orientifold framework, and following [35], we collect the relevant ingredients on fluxed D3-brane instanton contributions to the superpotential. In section 3, we discuss the moduli stabilization in an extended LARGE volume setup with the inclusion of a single involutively odd axion and fluxedinstanton effects. In section 4, we extend the analysis for a fluxed poly-instanton setup. For all the cases, we also present some estimates for the decay constants and masses of various even/odd axions which could be relevant for looking at the possibility of realizing a QCD axion candidate. Section 5 presents the overall conclusions followed by a short appendix of the relevant intermediate expressions.

2 Preliminaries

Let us review some of the basic ingredients in Type IIB orientifold compactifications with O7 and O3-planes. Here we focus on those aspects which will become relevant in our investigation of axions in the LARGE volume scenario.

Type IIB Orientifolds

We consider Type IIB superstring theory compactified on an orientifold of a Calabi-Yau threefold X. The admissible orientifold projections fall into two categories, which are distinguished by their action on the Kähler form J and the holomorphic three-form Ω_3 of the Calabi-Yau: O = { Ω_p σ with σ^∗(J) = J , σ^∗(Ω_3) = Ω_3 ,

(−)^{FL} Ω_p σ with σ^∗(J) = J , σ^∗(Ω_3) = −Ω_3 (1) where Ω_p is the world-sheet parity transformation and F_L denotes the left-moving space-time fermion number. Moreover, σ is a holomorphic, isometric involution. The first choice leads to orientifold O9- and O5-planes whereas the second choice to O7- and O3-planes. The generated R-R tadpoles need to be cancelled by the introduction of the corresponding D-branes. For latter case, the one of primary interest here, these are in general D7-branes carrying addition gauge flux and D3-branes. The (−)^{FL} Ω_p σ invariant states in four-dimensions are listed in table 1. (−)^{FL} Ω_p σ^∗ ϕ + + + C_0 − − + g_{μν} + + + B_2 + − − C_2 − + − C_4 − − +

Table 1: Orientifold invariant states.

Therefore, the massless states are in one-to-one correspondence with harmonic forms which are either even or odd under the action of σ. These do generate the equivariant cohomology groups H^{p,q}_± (X). Therefore, the Kähler form J, the twoforms B_2, C_2 and the R-R four-form C_4 can be expanded as J = t^α ω_α C_2 = c^a ω_a , B_2 = b^a ω_a C_4 = D^α_2 ∧ ω_α + V^{α̃} ∧ α_{α̃} + U_{α̃} ∧ β^{α̃} + ρ_α ω̃^α (2)

where ω_α and ω_a denote a bases for H^{1,1}_+ (X) and H^{1,1}_− (X), respectively. Similarly, ω̃^α and ω̃^a is a basis of H^{2,2}_+ (X) and H^{2,2}_− (X), while (α_{α̃}, β^{α̃}) is a real symplectic basis of H^3_+(X).

Since σ^∗ reflects the holomorphic three-form, in the orientifold one keeps h^{2,1}_− (X) complex structure moduli z^ã, which are complex scalars. Moreover, b^a, c^a and ρ^α are also scalars, while V^{α̃} and U_{α̃} are space-time one forms and D^α_2 a space-time two-form. Due to the self-duality of the R-R four-form, half of the degrees of freedom of C_4 are removed. Note that the even component of the Kalb-Ramond field B_+ = b^α ω_α, though not a continuous modulus, can take the two discrete values b^α ∈ {0, 1/2}. The resulting N = 1 supersymmetric massless bosonic spectrum is summarized in Table 2.

h^{2,1}_− z^ã chiral multiplets h^{1,1}_+ (t^α, ρ_α) h^{1,1}_− (b^a, c^a) 1 (ϕ, C_0)

vector multiplet h^{2,1}_+ V^{α̃}

gravity multiplet 1 g_{μν}

Table 2: N = 1 massless bosonic spectrum of Type IIB Calabi Yau orientifold

By performing the detailed dimensional reduction from ten to four dimensions [19], one realizes that the complex bosons in the chiral superfields are given by the combinations

S = i C_0 + e^{−ϕ} , G^a = i c^a − S b^a , T_α = 1 2 κ_{αβγ} t^β t^γ + i ( ρ_α − 1 2 κ_{αab} c^ab^b ) − 1 4 e^ϕ κ_{αab} Ḡ^a(G + Ḡ)^b . (3)

The low energy effective action at second order in derivatives is given by a supergravity theory, whose dynamics is encoded in a Kähler potential K, a holomorphic superpotential W and the holomorphic gauge kinetic functions. In our case, the Kähler potential can be expanded as

K = − ln ( S + S̄ ) − ln ( −i ∫ X Ω_3 ∧ Ω̄_3 ) − 2 ln (Y (S, G^a, T_α, ...)) (4) where Y =^1_6 K_{ABC} t^At^B t^C is the volume of the Calabi-Yau manifold expressed in terms of two-cycle volumes t^A. The dots in (4) denote the potential appearance of other moduli like D3/D7-brane fluctuations (and hence complex structure moduli which get coupled after including brane-fluctuations) or Wilson line moduli. Unfortunately, Y is only implicitly given in terms of the chiral superfields. It is in general non-trivial to invert the last relation in (3).

As we will review in more detail below, the general schematic form of the superpotential W is given as W = ∫ X G_3 ∧ Ω + ∑ E A_E(z^ã, G^a, F_E , ...) e^{− πaαE Tα} = W_0 + W_{np} (5)

where the first term is the Gukov-Vafa-Witten (GVW) three-form flux induced tree-level superpotential [16]. The second term denotes a sum over non-pertur-bative corrections coming from Euclidean D3-brane instantons or gaugino condensation on D7-branes [48]. Here, the prefactor does not only contain the oneloop Pfaffian for fluctuations around the instanton background but also contributions from so-called (gauge-)fluxed instantons and Euclidean D1-brane instantons. Again the dots indicate a further dependence on e.g. D3/D7-brane fluctuations or Wilson line moduli. From the Kähler- and the superpotential one can compute the N = 1 scalar potential V = e^K ( ∑ I, J K^{IJ̄} D_I W D̄¯_JW̄ − 3|W |^2 ) (6) where the sum runs over all moduli.

Fluxed D3-brane instantons

Let us provide some more relevant information about the fluxed D3-brane instanton contributions to the superpotential. Here we essentially follow [35].

For a single Euclidean D3-brane instanton to contribute to the superpotential it needs to carry the right zero-mode structure. In particular, the instanton has to be a so-called O(1) instanton, which means that is has to wrap an orientifold invariant four-cycle, i.e. σ(D_E ) = D_E . In addition one has the freedom to turn on a gauge flux F̃_E = 2πα^′ F_E −ι^∗B on the brane, where ι : D_E → X denotes the inclusion map of the four-cycle into the Calabi-Yau threefold. Since the gauge flux is anti-invariant under the world-sheet parity transformation Ω_p, the instanton remains to be O(1) only if the gauge flux is supported on a σ-odd two-cycle. Therefore, the gauge flux is supported on two-cycles in H^{1,1}_− (D_E) which can be expanded as

2πα^′ F_E = F^a_E ι^∗ω_a + F^v_E (7)

where ι^∗ω_a denotes a σ-odd basis of harmonic two-forms lying in the image of the pullback ι^∗. The second component F^v_E is given by fluxes supported on two-cycles inside the divisor D_E, which are trivial in the bulk, i.e. they are in the co-kernel of ι^∗.

Such a family of fluxed D3-brane instantons, all wrapping the divisor D_E, contributes to the superpotential as W_{np} ∼ ∑ F_E e^{−SE} . (8) Dimensionally reducing the corresponding DBI and CS actions, one finds

S_E = π ( a^α_E (T_α + Δ_{Eα}) + Δ^v_E ) (9) with

Δ_{Eα} = κ_{αbc} G^b F^c_E + S 2 ( κ_{αbc} F^b_E F^c_E ) , Δ^v_E = S ∫ D_E F^v_E ∧ F^v_E (10)

where a^α_E = ∫ D_E w̃ α. Collecting the various terms, the superpotential can be written as W_{np} = ∑ F_E A_E (F_E) e^{−π aαE Tα−q̃Ea Ga} (11) where

A_E(F_E) = A exp ( −^S_2 [ π a^α_E κ_{αbc} F^b_E F^c_E + 2π ∫ D_E F^v_E ∧ F^v_E ])

q̃_{Ea} = π κ_{αab} a^α_E F^b_E . (12)

Here A denotes the one-loop determinant for fluctuations around the instanton, which only depends on the complex structure moduli and the D7-brane deformations. Thus, it can be assumed to be a constant for our analysis.

Following the discussion in [49], one now introduces a basis of two-forms of H^{1,1}_− (D_E) satisfying ∫ D_E ωM ∧ ωN = 2 δMN with the index M = {m, m̂}. The

extra factor of two is due to the orientifold projection (see [49]). The two-cycles ω_m are related to the pull-back two-cycles in ι^∗H^{1,1}_− (X) as ω_a = M^m_a ω_m where the matrix M^m_a satisfies a^α_E κ_{αbc} = ∫ D_E ω_b ∧ ω_c = 2 M^m_a M^n_b δ_{mn} . (13)

The ω_{m̂} denote a basis of the orthogonal complement of ι^∗H^{1,1}_− (X) in H^{1,1}_− (D_E).

Now, one can expand the instanton fluxes as F_E = ∑ M f^M ω_M with f^M ∈ Z so that the entire instanton generated superpotential can be written as W_{np} = A ∑ E e^{−πaαE Tα} ∑ f^M ∈Z exp ( − πSf^M f^N δ_{MN} − 2π G^m f^nδ_{mn} ) (14)

Due to the diagonal form in the exponential part of eq.(14), it can be further simplified as: W_{np} = A_s ∑ E e^{− π aαE Tα} ∑ f^m∈Z e^{−π S f m2−2 π f mGm} (15)

where A_s = A ∑ f^{m̂}∈Z e − π S f^{m̂2} is just a O(1) constant. This is the form of the

superpotential to be heavily utilized in the subsequent analysis of axion moduli stabilization. There we will assume that the zero mode structure of such an instanton is just right to guarantee a contribution to W .

In general, for stabilizing the odd moduli one should also consider the D-term potential coming from the D7-brane fluxes F_A turned-on on a stack of D7-branes along the holomophic divisor D_A and its orientifold image D_A′ . Then the D-term reads

D_A = l^2_s 2πV ∫ D_A J ∧ (ι^∗B_2 − 2πα^′F_A) = l^2_s 4πV t^α ( κ_{αbc}(b^b − F^b_A)C^c_A − κ_{αβγ}F̃^β_A C^γ_A ) (16)

where C^{α,a}_A = N_A ∫ D^±_A ω̃ α,a, (D^±_A = D_A ∪ (±D_A′ )) are the wrapping number along the basis of H^±_4 (X) and κ_{ABC} := ∫ CY_3 ωA ∧ ωB ∧ ωC with A = {α, a} gives the intersection numbers for even/odd sectors. In general, several κ_{αbc} intersection numbers can be non-zero, then b^a moduli are stabilized at tree level by requiring D-flatness condition^3. However, this may not be always the case; for example, to generate the FI-term as given in (16), it requires a U(1) group on the D7-brane configuration which may not be true. Such a situation arises when we place eight D7-branes on top of the O7-plane, and subsequently get an SO(8) group structure on these D7-branes. Even if there is a U(1) gauge group in the brane configuration, it can also happen that the two-cycle ω_b intersects with the ω_c dual to D^−_A divisor trivially, i.e κ_{αbc} = 0. In both cases, b^a moduli are not stabilized by D-term.

In the present article, our main interest is to investigate the stabilization of odd (b^1, c^1) axions with the inclusion of instanton flux effects, and in the following sections, we will focus on moduli stabilization by using the F-term potential only.

3 Extended LARGE Volume Scenario

In this section, we discuss the moduli stabilization in an extended LARGE volume setup with the inclusion of involutively odd axions in the context of type IIB orientifold compactification. Let us start with briefly reviewing the standard features of the minimal LARGE volume setup. We assume that all the complex structure moduli as well as axion-dilaton are supersymmetrically stabilized at the perturbative stage by background-flux superpotential W_0 via D_{c.s.} W_0 = 0 = D_S W_0. This remains justified with the inclusion of non-perturbative contributions as long as the overall volume of the Calabi-Yau space remains sufficiently large. For stabilizing the Kähler moduli, one starts with the following form of Kähler

3Another way to impose the D-flatness conditions is to set two-cycle volumes t^α appearing in (16) to zero. This leads to models of D-branes at singularity in [34] where only self-intersecting (shrinkable) del-Pezzo divisors have been exchanged under involution σ.

potential and superpotential,

K = −2 ln Y , W = W_0 +

h^{1,1}_+∑

s=2 A_s e^{−asTs} , (17) where Y = V(T_α) + C_α′ such that

Y = ξ_b(T_b + T̄_b)^{32} −

h^{1,1}_+∑

s=2 ξ_s(T_s + T̄_s)^{32} + C_α′ .

Here, we consider the ansatz of multi-hole swiss-cheese structure in the Calabi- Yau volume with a shift C_α′ which denotes the perturbative α^{′3}-correction given as C_α′ = −^{χ(M) (τ −τ̄ ) 32 ζ(3)}

4(2π)^3 (2i)^32

. The above ansatz results in the following form of F -term effective scalar potential

V^{LVS}(V; {τ_s, ρ_s}) =

3 C_α′ |W_0|^2 2 V^3 + h^{1,1}_+∑

s=2 2 √ 2 a^2_s A^2_s e^{−2asτs} √ τ_s 3 ξ_s V + h^{1,1}_+∑

s=2 4 a_s A_s e^{−asτs} τ_s cos[a_sρ_s]W_0 V^2

. (18)

This potential stabilizes the overall volume mode at exponentially large value in terms of stabilized value of the ‘small’ divisor volume V ∼ |W_0| exp(a_s τ_s) where τ_s ∼ (C_α′ )^{2/3}. One realizes a non-supersymmetric AdS minimum which can be uplifted to a de-Sitter minimum via various uplifting mechanisms [50, 51, 52, 53, 54]. Further, the leading order contributions to the decay constants for all the axions can be estimated in large volume limit to be, f_{ρb} = √ 6 ξ^{2/3}_b V^{2/3}

∼ V^{−2/3}, and f_{ρs} = √ 3 ξ_s (2τ_s)^{1/4}V^{1/2} ∼ V^{−1/2} ∀s ∈ {2, ..., h^{11}_+ } (19) After looking at the eigenvalues of the mass-squared matrix M_{ij} ≡ ∑ k 1 2 (K^{−1})_{ik}V_{kj}, one gets the following leading order contributions for moduli masses (evaluated at the minimum), M_V ∼ δ V^{3/2} , M_{τs} ∼ δ V , M_{ρb} = 0, M_{ρs} ∼ δ V ; ∀s ∈ {2, ..., h^{11}_+ }. (20) where δ ∼ √_{gs eKCS |W0|2} 8π . It is important to note that the axionic direction ρ_b corresponding to the non-local (so-called ‘big’) divisor remains flat. Furthermore, one can lower the decay constant f_{ρb} naturally (in large volume limit) to get the correct order of magnitude for QCD axion, and so the ρ_b axion has appeared to be quite attractive for this purpose [55]^4.

Now, let us consider an extension of the simplest LARGE volume scenario with the inclusion of a single involutively odd modulus G^1. In order to support the odd modulus, a non-zero component in (1,1)-cohomology class on the Calabi-Yau threefold under some holomophic involution σ is needed, i.e h^{1,1}_− (CY_3/σ) ≠ 0. In [47], we scanned through the toric Calabi-Yau threefolds with h^{1,1}(CY_3) ≤ 4 and studied two kinds of involutions, namely divisor exchange involution and divisor reflection, which can result a non-trivial odd (1,1)-cohomology. In the presence of a single odd modulus G^1, the superpotential (15) including the non-perturbaive fluxed-instanton contribution becomes W = ∫ X G_3 ∧ Ω + A_se^{− asTs} ∑ f^1∈Z e^{−π S f 12−2 π f 1G1} (21)

where A_s = A ∑ f^{m̂}∈Z e − π S f^{m̂2} . Again, we assume that all the complex structure

moduli and axion-dilaton are stabilized by Gukov-Vafa-Witten superpotential perturbatively. For simplicity, we also assume that the background flux are tuned such that RR scalar is set to zero, C̄_0 = 0. Subsequently, the non-perturbative term in the superpotential (21) can be written in terms of simplified elliptic theta function θ(G^1).

For a generalized LARGE volume setup, we proceed with the following ansatz for the Kähler potential and the superpotential:

K = −2 ln Y = −2 ln ( ξ_b Σ^{3/2}_b − ξ_s Σ^{3/2}_s + C_α′ ) , (22)

W = W_0 + A_s √ g_s e^{− asTs} ( e^{gs π G1G1} θ_3 [ g_sπG^1, e^{−gsπ} ]) . where

Σ_b = T_b + T̄_b + κ_{b11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1) (23)

Σ_s = T_s + T̄_s + κ_{s11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

Depending on the possible intersections of various even/odd four cycles, we consider two cases for stabilizing all the even/odd moduli using F -term contributions. These two cases are also of interest because of the different volume scaling in the leading order axion decay constants as we will see later.

Case-I : κ_{b11} ≠ 0

Let us assume that the so-called big divisor has non-zero intersections with the odd cycles, i.e. κ_{b11} ≠ 0. Utilizing the ansatz (22)-(23) for the Kähler potential

4See [23] also for more recent progress in this direction.

and superpotential, the leading order contributions to the F-term scalar potential can be collected in three types of terms as under,

V (V, τ_s; ρ_s, b^1, c^1) = V_α′ + V_{np1} + V_{np2} where

V_α′ = 3 C_α′ |W_0|^2 2 V^3

(24)

V_{np1} = 2a_sA_sτ_s √ g_sW_0 V^2

× exp [ a_s 2g_s (κ_{s11}b^1b^1 − 2g_sτ_s) + π g_s (b^1 − ig_sc^1)^2 ]

× { cos(a_sρ_s) ( Θ̄(b^1, c^1)e^{i4πa}s^{b1c1} + Θ(b^1, c^1) )

−i sin(a_sρ_s) ( Θ̄(b^1, c^1)e^{i4πa}s^{b1c1} − Θ(b^1, c^1) )}

V_{np2} = 2 √ 2τ_sg_sa^2_sA^2_s 3 ξ_s |Θ(b^1, c^1)|^2 × exp [ a_s(κ_{s11}b^1b^1 − 2g_sτ_s) g_s + 2π g_s (c^{12}g^2_s − b^{12}) ]

where Θ(b^1, c^1) = θ_3 [−b^1π + i c^1g_sπ, e^{−gsπ}]. There are several extrema in the axionic directions due to periodicities appearing in the potential (24), and the generic extremization conditions are quite coupled. However, after utilizing one extremizing condition into another, the most simplest local extremum of the scalar potential (24) can be collectively described by intersection of the following hypersurfaces in moduli space.

a_sρ_s = Nπ, b^1 = 0, c^1 = 0, C_α′ = 32 √ 2 a_s ξ_s τ^{52}s (−1 + a_sτ_s) (−1 + 4a_sτ_s)^2 , W_0 = − a_sA_s e^{−asτs} V (−1 + 4a_sτ_s) √ g_sΘ(0) 6 √ 2 ξ_s √ τ_s (−1 + a_sτ_s) . (25)

where Θ(0) = θ_3[0, e^{−gsπ}]. From eq.(25), one finds that similar to the standard LARGE volume scenario, the τ_s stabilization condition can get decoupled from V dependence and results in τ_s ∼ (C_α′ )^{2/3}. Subsequently, the overall volume V gets stabilized at an exponential large value via V ∼ exp(a_s τ_s). The scalar potential at this non-susy AdS minimum (25) is simply given as,

V_{AdS−min} = − 24 √ 2 ξ_s τ^{3/2}s |W_0|^2 (a_s τ_s − 1) V^3 (1 − 4a_sτ_s)^2

(26)

It is worth to recall that in the above discussion, we have considered only the simplest minimum for which the extremization conditions could be analytically solved. In fact, there are many extrema in the odd moduli directions due to the quasi-periodic property of the inverse elliptic theta function. An easy way to illustrate such property is to show the section of the scalar potential as a function of odd-axionic modulus after stabilizing all the other even moduli in a consistent way^5. Using the following sampling of model dependent parameters in Table.3, the scalar potential eq.(24) are shown in Figure 1, 2 where the quasi-periodicity in both (b^1 and c^1) directions are observed.

Model C_α′ κ_{b11} κ_{s11} ξ_b ξ_s W_0 a_s A_s g_s B1 1.697 -1 -1^1_9^√_2^1_9^√_2 -0.1 2π 1 0.5 B2 1.697 -1 -1^1_9^√_2^1_9^√_2 -0.1 2π 0.5 0.1

Table 3: Sampling of the model dependent parameters.

Figure 1: The quasi-periodicity of the scalar potential in the odd-axion direction b^1 and c^1 after stabilizing all the other even moduli in a consistent way.

Figure 2: The periodicity of the scalar potential in b^1 direction for c^1 = 0, and in c^1 direction for b^1 = 0 after stabilizing all the other even moduli.

5Form eq.(24) one can see that the volume and τ_s moduli couples to b^1 and c^1 in a complicated way. In general, it is hard to get a simple expression to show explicitly how the stabilization conditions for moduli V and τ_s depend on the odd moduli. However, we can solve these coupled extremization conditions numerically to get a potential for b^1 and c^1 moduli.

Axion decay constant and mass matrix

Let us look at the axion decay constant and the masses of various moduli at the non-supersymmetric minimum. Utilizing the Kähler metric, all kinetic terms for the respective moduli can be written as

L_{kinetic}(V, τ_s, ρ_b, ρ_s; b^1, c^1) ≡ K_I¯_J (D_μT_I )(D̄^μT̄¯_J ) , (27)

In the basis of real moduli {V, τ_s, ρ_b, ρ_s; b^1, c^1}, the kinetic matrix (see Appendix A) is found to be block diagonal in both even and odd sector. The axionic sector of the kinetic matrix implies that the leading order contributions to the decay constants for all the axions can be estimated to be, f_{ρb} = √ 6 ξ^{2/3}_b V^{2/3} ∼ V^{−2/3}, f_{ρs} = √ 3 ξ_s (2τ_s)^{1/4}V^{1/2}

∼ V^{−1/2} (28)

f_b1 = √ −3 κ_{b11} ξ^{1/3}_1 √ 2 g_sV^{1/3}

∼ V^{−1/3}, f_c1 = √ −3 g_s κ_{b11} ξ^{1/3}_1 √ 2 V^{1/3} ∼ V^{−1/3}. This shows that the positive definiteness of the kinetic matrix of odd axionic sector demands that κ_{b11} < 0. Now, let us investigate the squared-mass matrix evaluated at the minimum eq.(25),

M_{ij} =

β_1 V^3 β_2 V^2 0 0 0

β_4 V^3 β_5 V^2 0 0 0

0 0^{γ1}_{V 2} 0 0

0 0 0 M_b1_b1 0

0 0 0 0 M_c1_c1

. (29)

The upper left 3 × 3 block corresponds to the even-moduli sector {V, τ_s, ρ_s} and reproduces the standard LARGE volume results without odd-axions. The lower right 2 × 2 block corresponds to the odd-moduli sector {b^1, c^1}. For explicit forms of M_b1_b1 and M_c1_c1 , see Appendix C. After looking at the eigenvalues of the mass-squared matrix, one gets the following volume scalings in the moduli masses evaluated at the minimum, M_V ∼ δ V^{3/2} , M_{τs} ∼ δ V , ; M_{ρb} = 0, M_{ρs} ∼ δ V , M_b1 ∼ δ Δ_1(F) V^76 , M_c1 ∼ δ Δ_2(F) V^76

(30) where δ ∼ √_{gs |W0|2} 8π . The first line represents the expected results of even-moduli sector and volume scalings are as per expectations. Observe that, in the absence of instanton-flux, the c^1 modulus direction is flat, although b^1 flatness is lifted because of its implicit appearance in chiral coorinate T_s. Further, the naive volume scalings in mass estimates imply that odd-axions are heavier than the overall volume mode. However, a closer look at the analytic expression of oddaxion masses shows that |Δ_1(F)| ∼ O(1) while |Δ_2(F)| ≪ O(1) for natural model dependent parameters. In fact there is a crucial multiplicative factor, say Δ_s ≡ (2θ_3[0, e^{−π gs} ] + g_s π θ^′_3[0, e^{−π gs} ]) appearing in the mass-squared eigenvalue expression of c^1 axion. This is a reasonable amount of suppression of the order 10^{−6} for g_s ∼ 0.1 in c^1 axion mass. The same is clear from the plot Figure 3. However, for larger string couplings, the factor Δ_s becomes order one implying

Figure 3: The estimate of suppression factor Δ_s with different values of string coupling g_s.

that the mass of c^1 axion will be larger than that of overall volume mode. Thus, for c^1 axion to be the lightest, one has to keep string coupling g_s small enough such that Δ_s < O(V^{−2/3}). Utilizing the sampling given in Table 3, the eigenvalues of mass-squared matrix are shown in Table 4.

Model V τ_s m^2_V m^2_{τs} ∼ m^2_{ρs} m^2_{b1} m^2_{c1} B1 3 × 10^8 3.93 3.4 × 10^{−28} 3.2 × 10^{−16} 6.9 × 10^{−22} 3.4 × 10^{−23} B2 1 × 10^8 3.93 3.3 × 10^{−28} 3.1 × 10^{−16} 7.2 × 10^{−22} 1.5 × 10^{−36}

Table 4: Stabilized values of (divisor) volume moduli along with the eigenvalues of mass-squared matrix (evaluated at the minimum) in Mp = 1 units. The respective stabilized values for the axions are ρ_s = 0 = b^1 = c^1.

Note that, the b^1 axion is always heavier than the overall volume mode and lighter than small divisor volume mode in large volume limit. This is quite expected because b^1 flatness is lifted with the standard E3-instanton correction due to an implicit appearance in chiral coordinate T_α. Another observation is the fact that there are no tachyons present. It has been argued in [55, 27] that in a setup equipped with supersymmetric moduli stabilization, in the presence of flat axionic directions, there are always tachyons. However, such a No-Go theorem does not holds for large volume model in which moduli stabilization is done in a non-supersymmetric manner [55], and hence there is no conflict in having a flat ρ_b-direction and no tachyons.

Case-II : κ_{b11} = 0

Let us assume that the big divisor does not intersect with the odd four-cycles, i.e. κ_{b11} = 0. This is also common when one considers the holomorphic involution which permutes two “nontrivial identical” shrinkable del-Pezzo surfaces^6.

Using κ_{b11} = 0 in the ansatz eq.(23), the volume form appearing in the Kähler potential eq.(23) simplifes to,

Y = ξ_b(T_b + T̄_b)^{3/2} − ξ_s ( (T_s + T̄_s) + κ_{s11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1) )_{3/2} + C_α′ (31)

The leading order contributions to the F-term scalar potential can be again collected as three types of terms,

V_{κb11=0} ≡ V_α′ + V_{np1} + V_{np2}

where V_α′ and V_{np1} are the same as in eq.(24) while V_{np2} is modified, and is given as under

V_{np2} = √ 2A^2_s 3 ξ_s V √ τ_s × exp [ a_s(κ_{s11}b^1b^1 − 2g_sτ_s) g_s + 2π g_s (c^{12}g^2_s − b^{12}) ] (32) × { 2a^2_sg_sτ_s|Θ(b^1, c^1)|^2 + a_sg_sb^1(cos(a_sρ_s) + i sin(a_sρ_s)) ( (−g_sπΘ̄^′(b^1, c^1)Θ(b^1, c^1)

+Θ̄(b^1, c^1)(−g_sπΘ^′(b^1, c^1) + a_sb^1κ_{s11}Θ(b^1, c^1) + 4g_sπb^1Θ(b^1, c^1))cos(a_sρ_s)) −i(g_sπΘ̄^′(b^1, c^1)Θ(b^1, c^1) + Θ̄(b^1, c^1)(−g_sπΘ^′(b^1, c^1) + a_sb^1κ_{s11}Θ(b^1, c^1)

−4ic^1g^2_s πΘ(b^1, c^1))sin(a_sρ_s) ) − g^2_s π^2 κ_{s11} (Θ̄^′(b^1, c^1) − 2Θ̄(b^1, c^1)(b^1 + i c^1g_s))

(cos(2a_sρ_s) + i sin(2a_sρ_s)) }

where Θ^′(b^1, c^1) = θ^′_3 [−b^1π + i c^1g_sπ, e^{−gsπ}] and θ_3^′(u, q) gives the derivative with respect u. It is important to mention that the simplest critical point which minimizes the potential eq.(32) is the same as what was in Case-I eq.(25). The reason for the same is the fact that the difference between eq.(32) and eq.(24) effectively vanish at this critical point. So, it realizes the same LARGE volume non-susy AdS minimum as given by eq.(26).

6For shrinkable del-Pezzo divisors, there always exist a basis in which only self intersection numbers are non-zero, and such surfaces are also called as ‘diagonal’ del-Pezzo.

Axion decay constant and mass matrix

The axionic sector of the kinetic matrix results in the following estimates for the leading order contributions to the axion decay constants, f_{ρb} ≃ √ 6 ξ^{2/3}_b V^{2/3} ∼ V^{−2/3}, f_{ρs} ≃ √ 3 ξ_s (2τ_s)^{1/4}V^{1/2}

∼ V^{−1/2} (33) f_b1 ≃ √ 3 ξ_sκ_{s11} √ 2τ_s √ g_s V^{1/2} ∼ V^{−1/2}, f_c1 ≃ √ 3 g_s κ_{s11} ξ_s √ 2τ_s V^{1/2} ∼ V^{−1/2}. Here, we observe two things; first, the positive definiteness of the kinetic matrix of odd axionic sector demands that κ_{s11} > 0 and second, the volume scalings in decay constants for odd-axions are different from the previous case eq.(28). For the present case, it has an extra volume suppression of order V^{−1/6}. However, there is a crucial observation that in this case b^1-axionic direction is tachyonic. After looking at the eigenvalues of the mass-squared matrix, one gets the following estimates, M_V ∼ δ V^{3/2} , M_{τs} ∼ δ V , ; M_{ρb} = 0, M_{ρs} ∼ δ V , M_b1 ∼ δ Δ_3(F) V , M_c1 ∼ δ Δ_4(F) V (34)

where δ ∼ √_{gs |W0|2} 8π . The above volume scaling differs in odd-axionic sector from those of case-I eq.(30) while the scaling for the even-moduli sector remain the same. In odd-moduli sector, |Δ_3(F)| ∼ O(1) while |Δ_4(F)| < O(1) for natural model dependent parameters the same as Table 3 except that κ_{b11} = 0 and κ_{s11} = 1. From Table 5, one realize that b^1 modulus direction is always tachyonic for a generic volume form eq.(31) with κ_{b11} = 0.

Model V τ_s m^2_V m^2_{τs} ∼ m^2_{ρs} m^2_{b1} m^2_{c1} S1 3.7 × 10^8 3.93 3.4 × 10^{−28} 3.1 × 10^{−16} −8.4 × 10^{−20} 1.7 × 10^{−20} S2 1.0 × 10^8 3.93 3.3 × 10^{−28} 3.1 × 10^{−16} −3.5 × 10^{−20} 2.0 × 10^{−34}

Table 5: Stabilized values of (divisor) volume moduli along with the eigenvalues of mass-squared matrix (evaluated at the minimum) in Mp = 1 units. The respective stabilized values for the axion are ρ_s = 0 = b^1 = c^1.

Note that, in both cases with different volume forms eq.(23) and eq.(31) studied in this section, the model dependent parameters are chosen such that volume mode avoids the cosmological moduli problem. Further, it is observed that c^1 axion is not the lightest for generic values of string coupling. For string coupling g_s ∼ 0.5, we find that overall volume mode is the lightest, and thus a mass hierarchy is not very generic. For building inflationary model of odd axion c^1, one has to consider a small enough string coupling which is well consistent and very natural in the large volume limits. In the next section, we will investigate a polyinstanton LARGE volume setup in which a mass hierarchy (in a part of even and odd sector) is manifestly present via a subdominant poly-instanton correction on top of standard non-peturbative effect.

4 Extended Poly-Instanton LARGE Volume Scenario

In this section, we start with a short review of the moduli stabilization mechanism after implementing the poly-instanton corrections in the standard LARGE volume scenario. The hierarchy of the poly-instanton contribution at the level of superpotential appears in the F-term scalar potential also. This hierarchial contribution facilitates the moduli stabilization process to be performed in three steps [44]. After stabilizing all the complex structure moduli and axion-dilaton by the GVW superpotential, the Käehler moduli along with respective C_4 axions are stabilized in the next two steps with/without poly-instanton effects. Unlike previous cases studied regarding odd-moduli stabilization, we expect to have decoupled standard LARGE volume framework from some of the (lighter) moduli. Recall that in the earlier cases, the stabilization process of all the even/odd moduli was coupled because the leading contribution for the odd moduli was originated on top of the standard E3-instanton correction to the superpotential which is responsible for stabilizing ‘small’ divisor volume mode. Hence, from the point of view of volume scaling, the masses of the odd axions were found to be larger than that of the overall volume mode. We will investigate if there is some improvement in this regard with the inclusion of fluxed poly-instanton corrections. The same is expected due to the appearance of a new hierarchy among standard E3-instanton and the poly-instanton corrections to the superpotential.

Before analyzing the poly-instanton setup with presence of odd moduli, let us briefly recall the relevant features of the moduli stabilization mechanism in the standard poly-instanton setup in LARGE volume scenario. We consider one C_4 axion corresponding to the complexified divisor volume of a del-Pezzo ‘small’ divisor and another C_4 axion complexifying the volume mode of a so-called ‘Wilson’ divisor relevant for generating poly-instanton contributions to the superpotential [42]. The expressions for the Kähler potential and the superpotential are,

K = −2 ln Y , (35) W = W_0 + A_s e^{−asTs} + A_sA_w e^{−asTs−aw Tw} −B_s e^{−bsTs} − B_sB_w e^{−bsTs−bw Tw} , where

Y = ξ_b(T_b + T̄_b)^{32} − ξ_s(T_s + T̄_s)^{32} − ξ_{sw} ( (T_s + T̄_s) + (T_w + T̄_w)

) 3_2 + C_α′ . (36)

Here, we consider a racetrack form of the superpotential as it has been realized that with a superpotential ansatz without racetrack form, one does not get a minimum which could be trusted within the regime of validity of Effective field theory description [44]. One can show that the same happens for the present case also. Now, in the large volume limit, (sub)leading contributions to the generic scalar potential V(τ_b, τ_s, τ_w; ρ_s, ρ_w) are simply given as:

V(V, τ_s, τ_w; ρ_s, ρ_w) ≃ V^{LVS}_{racetrack}(V, τ_s; ρ_s) + V_{poly}(V, τ_s, τ_w; ρ_s, ρ_w) (37)

As expected, the first term V^{LVS}_{racetrack} ∼ V^{−3} in the scalar potential eq.(37) does not depend on the Wilson line divisor volume modulus τ_w (along with its respective C_4 axion ρ_w). So these directions remain flat at leading order and get lifted via subdominant poly-instanton effects V_{poly} ∼ V^{−3−p}, where p is a model dependent parameter. All the Kähler moduli are stabilized with this form of potential eq.(37) resulting in a non-susy AdS minimum, and the details for the same can be found in [44, 45]. Further, in large volume limits, the estimates for axionic decay constants are as, f_{ρb} ≃ V^{−2/3}, f_{ρs} ≃ V^{−1/2} ≃ f_{ρw} (38) while the various masses scale as, M_V ∼ δ V^{3/2} , M_{τs} ∼ δ V , M_{τw} ∼ δ V^{2+p}2 ; M_{ρb} = 0, M_{ρs} ∼ δ V , M_{ρw} ∼ δ V^{2+p}2

(39)

where δ ∼ √_{gs |W0|2} 8π . Thus, we observe that the masses of axionic directions lifted by a non-perturbative term in the superpotential come out to be of the same order as those of the respective saxion divisor volume modulus appearing in complexified chiral coordinate T_α = τ_α + iρ_α.

Fluxed Poly-Instanton Corrections

Assuming that the desired mathematical conditions relevant for generating the poly-instanton corrections can be satisfied, let us consider the following ansatz for the Kähler potential and the superpotential

K = −2 lnY = −2 ln ( ξ_bΣ^{3/2}_b − ξ_sΣ^{3/2}_s − ξ_{sw}Σ^{3/2}_{sw} + C_α′ ) , W = ∫ X G_3 ∧ Ω + A_s e^{− asTs} − B_s e^{− bsTs} + ( A_s A_w e^{− asTs} e^{− aw Tw} (40) −B_s B_w e^{− bsTs} e^{− bw Tw} ) (√ g_s e^{gs π G1G1} θ_3 [ g_sπG^1, e^{−gsπ} ]) .

where

Σ_b = T_b + T̄_b + κ_{b11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

Σ_s = T_s + T̄_s + κ_{s11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1) (41)

Σ_{sw} = T_s + T_w + T̄_s + T̄_w +

(κ_{s11} + κ_{w11}) 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

Here, we assume that the E3-instanton wrapping the ‘Wilson’ divisor is fluxed and hence correct the holomorphic pre-factor via a odd-modulus dependent theta function. Further, the E3-instanton wrapping the ‘small’ divisor is not fluxed.

In large volume limit, the F-term scalar potential with the aforementioned ansatz eq.(40) comes out to be in the following form,

V (V, τ_s, τ_w; ρ_s, ρ_w, b^1, c^1) = V^{ex}_{LVS}(V, τ_s; ρ_s, b^1) (42) +V^{ex}_{poly}(V, τ_s, τ_w; ρ_s, ρ_w, b^1, c^1)

where

• V^{ex}_{LVS}(V, τ_s; ρ_s; b^1) denotes the extended version of LARGE volume potential with the inclusion of b^1 odd axion^7. This potential scales as V^{−3} in large volume limit and stabilizes the heavier moduli {V, τ_s; ρ_s, b^1}.

• The leading corrections to c^1 axion along with the Wislon divisor volume mode τ_w (and its respective axion ρ_w) come from the subdominant contributions V^{ex}_{poly}(V, τ_s, τ_w; ρ_s, ρ_w; b^1, c^1) which scales as V^{−3−p}. Here, the parameter p is model dependent and in the absence of instanton-fluxes, p > 1 is required for the ‘Wilson’ divisor volume mode to be the lightest volume modulus [44].

The general expressions for V^{ex}_{LVS}(V, τ_s; ρ_s; b^1) and V^{ex}_{poly}(τ_w; ρ_w, c^1) are given in the Appendix B. After stabilizing the heavier moduli at their respective minimum, the subleading scalar potential can be simplified to^8

V^{ex}_{poly}(τ_w, ρ_w, c^1) = e^{−aw τw} (λ_1 + λ_2 τ_w) (43) × e^{−π gs c12} [ (Θ(c^1) + Θ(c^1)) cos[a_wρ_w] − i(Θ(c^1) − Θ(c^1)) sin[a_wρ_w] ]

where λ_0, λ_1 and λ_2 depend on the stabilized values of the heavier moduli and other model dependent parameters. The expressions for the same are given by

7Recall that c^1 flatness is present in the absence of fluxes turned-on on the instanton divisor. 8In the absence of odd moduli sector, this potential eq.(43) reduces to a two field polyinstanton setup which has been used to study the possibility of realizing the non-Gaussianities signatures in [45].

eq.(A11) in Appendix B. The potential (43) has the following minimum,

c^1 = 0, a_wρ_w = Nπ, τ_w = 1 a_w − λ_1 λ_2 Recall that in the absence of racetrack form of the superpotential, the parameters λ_i’s are such that one can not have a minimum which could be trusted in the regime of validity of the effective field theory. However, the presence of racetrack form introduces more parameters in the picture which facilitates more freedom in model dependent parameters such that λ_1 > 0 and λ_2 < 0, and τ_w > 1 can be easily realized. Further, following the same strategy for computing the axion decay constants as well as moduli masses, in large volume limit, we find f_{ρb} ≃ V^{−2/3}, f_{ρs} ≃ V^{−1/2} ≃ f_{ρw} , f_b1 ≃ 1 √ g_sV^{1/3} , f_c1 ≃ √ g_s V^{1/3}

(44) and M_V ∼ δ V^{3/2} , M_{ρb} = 0, M_{τs} ∼ δ V ∼ M_{ρs} , M_b1 ∼ δ V^76 ; M_{τw} ∼ δ V^{1+ p}2 ∼ M_{ρw} , M_c1 ∼ δ Δ_5(F) V^23^{+ p}2

(45)

where δ ∼ √_{gs |W0|2} 8π . The first line represents the masses for those moduli which have been stabilized at the leading order in the absence of poly-instanton corrections, while the second line represents masses for those moduli which have been stabilized by fluxed poly-instanton corrections. For obvious reasons, the moduli masses in the even sector are same as in [44]. For justifying the two-step Kähler moduli stabilization, we have to choose model dependent parameters such that p > 1. Then the lighter ones which remain flat in the absence of poly-instanton effects get stabilized after including the same, and we observe different volume scalings for τ_w, ρ_w and c^1 moduli masses. However, similar to the previous case, we again realize the same suppression factor Δ_s ≡ (2θ_3[0, e^{−π gs} ]+g_s π θ^′_3[0, e^{−π gs} ]) appearing inside Δ_5(F) for c^1 axion mass, and for natural model dependent parameters, Δ_s ≪ O(1). To get an idea about the numerics, with the following sampling of parameters (similar to the ones used in [44, 45]),

ξ_b = 1 36 , ξ_s = 1 6 √ 2 , ξ_{sw} = 1 6 √ 2 , C_α′ = 0.165 g^{3/2}s , (46)

W_0 = −20, g_s = 0.12, a_s = 2π 7 , b_s = 2π 6 , a_w = 2π = b_w, A_s = 3, A_w = 0.5, B_s = 2, B_w = 1.749, κ_{b11} = −1 = κ_{s11}.

we have the stabilized values of moduli in the simplest minimum as

V ∼ 904.86, τ_s ∼ 5.68, τ_w ∼ 1.73, ρ_s = 0 = ρ_w, b^1 = 0 = c^1 (47)

Further, utilizing the (46) and (47), we have the following estimates for masses of the canonically normalized moduli and the axions (in M_p = 1 units)

M_V ∼ 2.0 × 10^{−4}, M_{τs} ∼ 1.8 × 10^{−2}, M_{τw} ∼ 2.0 × 10^{−5} (48) M_{ρb} = 0, M_{ρs} ∼ 1.8 × 10^{−2}, M_{ρw} ∼ 2.0 × 10^{−5} M_b1 ∼ 2.4 × 10^{−3}, M_c1 ∼ 3.3 × 10^{−11}.

which reflects the following mass hierarchies M_{τs} ∼ M_{ρs} > M_b1 > M_V > M_{τw} ∼ M_{ρw} > M_c1 as discussed earlier. Further, although in the present case, the risk of c^1 axion being heavier than volume mode can be easily avoided for p > 1, however, now the problem with lowering of axion mass along with those of saxion in model dependent way reappears through the lowering the mass of ‘Wilson’ divisor volume mode. This can be seen from (45) that if Δ_5(F) becomes order one by increasing the string coupling as seen from the plots 3, then simple volume scaling shows that M_{τw} ∼ M_{ρw} > M_c1 .

5 Conclusions

We study the moduli stabilization in an extended LARGE volume setup equipped with the presence of involutively odd moduli. First, we consider a simplest extension of large volume setup with the inclusion of a single odd modulus, and investigate the odd axion stabilization with the inclusion of instanton flux effects. Then, we extend the analysis for a poly-instanton LARGE volume framework and revisit the moduli stabilization in the presence of odd moduli. We also compute the masses and decay constants for various even/odd axions present in the respective setups.

The main motivation for considering a type IIB orientifold framework with the inclusion of odd moduli has been twofold. First, the chirality conflict in the visible sector and allowed non-perturbative superpotential can be alleviated in such setups in the presence of fluxes turned-on on the instanton divisor. The second motivation has been the investigations of decay constants and non-zero small masses to explore the possibility for realizing a QCD axion. Usually a C_4 axion either remains massless or receives the same order of mass to that of its partner saxion (appearing in the complexified Kähler coordinate T_α = τ_α + iρ_α) via a non-perturbative superpotential contribution. Unlike the involutively even C_4 axions, the odd C_2 axions appear in the chiral coordinates G^a = ic^a −^1_{gs} b^a, and hence a priory this does not have its partner saxion as a (divisor) volume mode, and subsequently, one could hope that there could be a possibility to lower the mass of c^1 without causing problems, e.g. the cosmological moduli problem. However, in our investigations with/without poly-instanton effects, we observe that the volume mode of the instanton divisor which is fluxed, serves similar to a saxion for c^1 modulus, and any attempt to lower the c^1 axion mass (up to that of a QCD axion) in a model dependent way always results in extremely small masses of saxions which is inconsistent with the fifth force constraints. On the lines of [23], building on the present setup, it would be interesting to perform a detailed analysis realizing the possibility of a string axiverse of odd moduli, and invoke the possibility of generating small mass scale relevant for QCD axion.

Acknowledgement

We are grateful to Ralph Blumenhagen for several enlightening clarifications, discussions and suggestions. We also thank Thomas Grimm and Sebastian Halter for useful discussions. XG is supported by the MPG-CAS Joint Doctoral Promotion Programme and PS is supported by a postdoctoral research fellowship from the Alexander von Humboldt Foundation.

A Kinetic matrices for various K ansatz

All the kinetic terms for the respective moduli in a given ansatz for the Kähler potential can be written out utilizing the Kähler metric as below, L_{kinetic}(V, τ_s, ...; ρ_b, ρ_s, ...; b^1, c^1, ...) ≡ K_I¯_J (D_μT_I )(D̄^μT̄¯_J ) , (A1) where the Kähler potential is generically defined as K ≡ −2 ln Y = −2 ln(V+C_α′ ), V being overall volume of the Calabi Yau. Neglecting the α^′-corrections C_α′ , in this section, we present the kinetic matrix for each of the Kähler potential ansatz studied in this article. The kinetic matrix when evaluated at the respective minimum of the potential is found to be of block diagonal form with three blocks corresponding to divisor volume moduli, respective C_4 axions and odd (B_2, C_2) axions, if present in the ansatz for K. The relevant volume scalings in the even/odd axion decay constants can be easily estimated utilizing large volume limit.

Standard LARGE volume setup

For the volume form of type

V = ξ_b(T_b + T̄_b)^{32} −

h^{1,1}_+∑

s=2 ξ_s(T_s + T̄_s)^{32} ,

the non-zero components of the kinetic matrix are as under K_{VV} = 1 3V^2 , K_{Vτs} = − 3 ξ_s √ τ_s √ 2 V^2

= K_{τsV} , (A2) K_{τsτs} = 3 ξ_s 2 √ 2 √ τ_s V , K_{τsτr} = − 3ξ_s ξ_r √ τ_sτ_r V^2 = K_{τr τs} , K_{ρbρb} = 3 ξ^{4/3}_b V^{4/3} , K_{ρbρs} = − 9ξ^{2/3}_b ξ_s √ τ_s √ 2 V^{5/3} = K_{ρsρb} , K_{ρsρs} = 3 ξ_s 2 √ 2 √ τ_s V , K_{ρsρr} = 9ξ_s ξ_r √ τ_sτ_r V^2 = K_{ρr ρs} . where {s, r} ∈ {2, ..., h^{11}_+ } and s ≠ r is considered in cross terms.

Extended LARGE volume setup

For the volume form of type V = ξ_b ( (T_b + T̄_b) + κ_{b11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

) 3_2 (A3) −ξ_s ( (T_s + T̄_s) + κ_{s11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

) 3_2 , the non-zero components of the kinetic matrix are as under K_{VV} = 1 3V^2 , K_{Vτs} = − 3 ξ_s √ τ_s √ 2 V^2 , K_{Vb}1 = ξ^{2/3}_b κ_{b11}b^1

g_s V^{5/3} = − 1 g_s K_{Vc}1 K_{τsτs} = 3 ξ_s 2 √ 2 √ τ_s V , K_{τsb}1 = 3 ξ_s κ_{s11}b^1 2 √ 2 g_s √ τ_s V = − 1 g_s K_{τsc}1 , K_b1_b1 = −

3 κ_{b11} ξ^{2/3}_b

2 g_s V^{2/3} = 1 g^2_s K_c1_c1 , K_{ρbρb} = 3 ξ^{4/3}_b

V^{4/3}

, (A4) K_{ρbρs} = − 9ξ^{2/3}_b ξ_s √ τ_s √ 2 V^{5/3} , K_{ρbb}1 = 3 ξ^{4/3}_b κ_{b11}b^1

g_sV^{4/3} = − 1 g_s K_{ρbc}1 K_{ρsρs} = 3 ξ_s 2 √ 2 √ τ_s V , K_{ρsb}1 = 3 ξ_s κ_{s11}b^1 2 √ 2 g_s √ τ_s V = − 1 g_s K_{ρsc}1 . Therefore, the Kinetic matrix is block diagonal in even/odd sector only when

evaluated at the minimum which requires b^1 = 0.

Poly-instanton setup

For the volume form of type

V = ξ_b(T_b + T̄_b)^{32} − ξ_s(T_s + T̄_s)^{32} − ξ_{sw} ( (T_s + T̄_s) + (T_w + T̄_w)

) 3_2 , the non-zero independent components of the kinetic matrix are as under K_{VV} = 1 3V^2 , K_{Vτs} = − 3( √ τ_sξ_s + ξ_{sw} √ τ_s + τ_w) √ 2V^2 ,

K_{Vτw} = − 3 ξ_{sw} √ τ_s + τ_w √ 2V^2 , K_{τsτs} = 3 (_{ξs} √ τ_s + ξ_{sw} √ τ_s+τ_w ) 2 √ 2V , (A5) K_{τsτw} = − 3ξ_{saw} 2 √ 2V √ τ_s + τ_w , K_{τw τw} = 3 ξ_{sw} 2 √ 2V √ τ_s + τ_w , K_{ρbρb} = 3 ( ξ_b V )_{4/3} , K_{ρbρs} = − 9 ξ^{2/3}_b (√ τ_sξ_s + ξ_{sw} √ τ_s + τ_w ) √ 2V^{5/3} ,

K_{ρbρw} = − 9 ξ^{2/3}_b ξ_{sw} √ τ_s + τ_w √ 2V^{5/3} , K_{ρsρs} = 3 (_{ξs} √ τ_s + ξ_{sw} √ τ_s+τ_w ) 2 √ 2V , K_{ρsρw} = 3ξ_{sw} 2 √ 2V √ τ_s + τ_w , K_{ρw ρw} = 3ξ_{sw} 2 √ 2V √ τ_s + τ_w .

Extended poly-instanton setup

For the volume for os type

V = ξ_bΣ^{3/2}_b − ξ_sΣ^{3/2}_s − ξ_{sw}Σ^{3/2}_{sw} ,

where

Σ_b = T_b + T̄_b + κ_{b11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

Σ_s = T_s + T̄_s + κ_{s11} 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

Σ_{sw} = T_s + T_w + T̄_s + T̄_w +

(κ_{s11} + κ_{w11}) 2(S + S̄)

(G^1 + Ḡ^1)(G^1 + Ḡ^1)

the non-zero independent components of the kinetic matrix are as in eq.(A5) along with the following extra components in odd sector,

K_{V b}1 = ξ^{2/3}_b κ_{b11}b^1 g_s V^{5/3} = − 1 g_s K_{V c}1 ,

K_{τsb}1 = 3 b^1 (_{ξs κs11} √ τ_s + ξ_{sw} (κ_{s11}+κ_{w11} ) √ τ_s+τ_w ) 2 √ 2 g_s V = − 1 g_s K_{τsc}1 , (A6) K_{τw b}1 = 3 ξ_{sw} (κ_{s11} + κ_{s11})b^1 2 √ 2 g_s √ τ_s + τ_w V = − 1 g_s K_{τw c}1 , K_b1_b1 = −

3 κ_{b11}ξ^{2/3}_b 2 g_s V^{2/3} = 1 g^2_s

K_c1_c1 , K_{ρbb}1 = 3 ξ^{4/3}_b κ_{b11}b^1

g_sV^{4/3} = − 1 g_s K_{ρbc}1

K_{ρsb}1 = 3 b^1 (_{ξs κs11} √ τ_s + ξ_{sw} (κ_{s11}+κ_{w11} ) √ τ_s+τ_w ) 2 √ 2 g_s V = − 1 g_s K_{τsc}1 , K_{ρw b}1 = 3 ξ_{sw} (κ_{s11} + κ_{s11})b^1 2 √ 2 g_s √ τ_s + τ_w V = − 1 g_s K_{ρw c}1 . B Scalar potential and Moduli Stabilization

In the large volume limit, (sub)leading contributions to the generic scalar potential V(V, τ_s, τ_w; ρ_s, ρ_w, b^1, c^1) are simply given as:

V(V, τ_s, τ_w; ρ_s, ρ_w, b^1, c^1) ≃ V^{ex}_{LVS}(V, τ_s; ρ_s, b^1) (A7) +V^{ex}_{poly}(V, τ_s, τ_w; ρ_s, ρ_w, b^1, c^1)

In eq.(A7), the leading contributions for the two type of terms are given as under

V^{ex}_{LVS}(V, τ_s; ρ_s, b^1) =

3 C_α′ |W_0|^2 2 V^3 + 2 √ 2 a^2_s μ^2_1 √ τ_s 3 ξ_s V + 2 √ 2 b^2_s μ^2 √ τ_s 3 ξ_s V

(A8) + 4 a_s W_0 μ_1 τ_s cos[ a_sρ_s]

V^2 − 4 b_s W_0 μ_2 τ_s cos[ b_sρ_s] V^2 − 4 √ 2 a_s b_s μ_1 μ_2 √ τ_s cos [ ( a_s − b_s)ρ_s ] 3 ξ_s V

where μ_1 = A_s e^{− as} ( τ_s−^{κs11 b1b1} 2 gs ) and μ_2 = B_s e^{− bs} ( τ_s−^{κs11 b1b1} 2 gs ) . The extrema of the above leading order scalar potential can be collectively described by the intersection of the following hypersurfaces in moduli space

b^1 = 0, a_sρ_s = Nπ , where N ∈ Z ;

W_0 ≃

V (b_sμ_2 − a_sμ_1) [ b_sμ_2(−1 + 4b_sτ_s) − a_sμ_1(−1 + 4a_sτ_s) ] 6 √ 2 ξ_s √ τ_s [ b_sμ_2(−1 + b_sτ_s) − a_sμ_1(−1 + a_sτ_s)

] ; (A9)

C_α′ ≃ 32 √ 2 ξ_s τ^{52}s (b^2_s μ_2 − a^2_s μ_1) [ b_sμ_2(−1 + b_sτ_s) − a_sμ_1(−1 + a_sτ_s) ] [ a_sμ_1(−1 + 4a_sτ_s) − b_sμ_2(−1 + 4b_sτ_s)

]_2 ;

with μ_1 ≡ μ_1(b^1 = 0) = A_s e^{−asτ s} and μ_2 ≡ μ_2(b^1 = 0) = B_s e^{−bsτ s} . After stabilizing the (heavier) moduli {V, τ_s, ρ_s, b^1} via the aforementioned extermination conditions eq.(A9), the second part of the expression eq.(A7) which is subleading contribution coming from the poly-instanton corrections simplifies to the form below

V^{ex}_{poly}(τ_w, ρ_w, c^1) = e^{−aw τw} (λ_1 + λ_2 τ_w) (A10) × e^{−π gs c12} [ (Θ(c^1) + Θ(c^1)) cos[a_wρ_w] − i(Θ(c^1) − Θ(c^1)) sin[a_wρ_w] ]

where

λ_1 = λ_0 [ 4τ_s ( (a_s − a_w)A_wμ_1 − (b_s − a_w)B_wμ_2 )

+ τ_s (b_sB_wμ_2 − a_sA_wμ_1) ( a_sμ_1(−1 + 4a_sτ_s) − b_sμ_2(−1 + 4b_sτ_s) ) a_sμ_1(−1 + a_sτ_s) − b_sμ_2(−1 + b_sτ_s) ] ,

λ_2 = λ_0a_w [( B_wμ_2 − A_wμ_1 )( a_sμ_1(−1 + 4a_sτ_s) − b_sμ_2(−1 + 4b_sτ_s) ) a_sμ_1(−1 + a_sτ_s) − b_sμ_2(−1 + b_sτ_s) ] (A11)

with

λ_0 = √ g_s( a_sμ_1 − b_sμ_2) 3 √ 2 ξ_s V √ τ_s .

C Expressions for odd-axion masses

• The expressions for squared-mass values of the odd-moduli for κ_{b11} ≠ 0 case are given as,

M_b1_{,b}1 = 48 √ 2ξ_sW^2_0 τ^{3/2}s (−1 + a_sτ_s)(g_sπ^2Θ^′(0) + 2πΘ(0) + a_sκ_{s11}Θ(0)) ξ_b^{2/3}κ_{b11}Θ(0)V^{7/3}(1 − 4a_sτ_s)^2

M_c1_{,c}1 = − 48 √ 2ξ_sW^2_0 τ^{3/2}s (−1 + a_sτ_s)(g_sπ^2Θ^′(0) + 2πΘ(0)) ξ_b^{2/3}κ_{b11}Θ(0)V^{7/3}(1 − 4a_sτ_s)^2

(A12)

• For κ_{b11} = 0, the squared-mass values of odd-moduli become:

M_b1_{,b}1 = −

4W^2_0 (−1 + a_sτ_s) a^2_sκ^2_{s11}V^2Θ(0)^2(1 − 4a_sτ_s) × { −2g^2_s π^2(πΘ^′(0) + 2Θ(0))^2

×(−1 + a_sτ_s) + a_sg_sκ_{s11}πΘ(0) ( πΘ^′(0)(4 − a_sτ_s) − 8Θ(0)

×(−1 + a_sτ_s) ) + a^2_sκ_{s11}Θ(0)^2(6πτ_s + κ_{s11}(2 + a_sτ_s)) } (A13)

M_c1_{,c}1 =

4πW^2_0 (−1 + a_sτ_s) a^2_sκ^2_{s11}V^2Θ(0)^2(1 − 4a_sτ_s) × { 3a^2_sg_sτ_sκ_{s11}πΘ^′(0)Θ(0)

+6a^2_sτ_sκ_{s11}Θ(0)^2 + 2g_sπ(π g_s Θ^′(0) + 2Θ(0))^2(−1 + a_sτ_s) }

• The squared-mass expression for odd moduli in extended poly-instanton setup are as under,

M_b1_{,b}1 = 48 √ 2 ξ_s κ_{s11} (b^2_sμ_2 − a^2_sμ_1) |W_0|^2 τ^{3/2}_s ξ^{2/3}_b κ_{b11} V^{7/3} (a_s μ_1(−1 + 4a_sτ_s) − b_s μ_2(−1 + 4b_sτ_s))^2 × (−a_sμ_1(−1 + a_sτ_s) + b_sμ_2(−1 + b_sτ_s))

M_c1_{,c}1 = g_s λ_2 e^{−1+ aw λ1λ}2 (2Θ(0) + π g_s Θ^′(0)) 3 a_w κ_{b11}

(A14)

where λ_is and μ_is are defined in previous sections B.

In all above expressions, Θ^′(0) = θ^′_3[−b^1π + i c^1g_sπ, e^{−gsπ}]|_b1_{=0,c}1_{=0}. The explicit expressions for masses of even sector moduli can be found in earlier work [45].

References

[1] S. Weinberg, “A New Light Boson?,” Phys.Rev.Lett. 40 (1978) 223–226.

[2] R. Peccei and H. R. Quinn, “CP Conservation in the Presence of Instantons,” Phys.Rev.Lett. 38 (1977) 1440–1443.

[3] F. Wilczek, “Problem of Strong p and t Invariance in the Presence of Instantons,” Phys.Rev.Lett. 40 (1978) 279–282.

[4] J. E. Kim, “Light Pseudoscalars, Particle Physics and Cosmology,” Phys.Rept. 150 (1987) 1–177.

[5] M. S. Turner, “Windows on the Axion,” Phys.Rept. 197 (1990) 67–97.

[6] J. E. Kim and G. Carosi, “Axions and the Strong CP Problem,” Rev.Mod.Phys. 82 (2010) 557–602, 0807.3125.

[7] K. Freese, J. A. Frieman, and A. V. Olinto, “Natural inflation with pseudo - Nambu-Goldstone bosons,” Phys.Rev.Lett. 65 (1990) 3233–3236.

[8] P. Sikivie, “Axion Cosmology,” Lect.Notes Phys. 741 (2008) 19–50,

astro-ph/0610440.

[9] G. Raffelt, “Stars as laboratories for fundamental physics: The astrophysics of neutrinos, axions, and other weakly interacting particles,”.

[10] WMAP Collaboration Collaboration, E. Komatsu et al., “Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” Astrophys.J.Suppl. 180 (2009) 330–376,

0803.0547.

[11] J. E. Kim and H. P. Nilles, “A Quintessential axion,” Phys.Lett. B553 (2003) 1–6, hep-ph/0210402.

[12] A. Chatzistavrakidis, E. Erfani, H. P. Nilles, and I. Zavala, “Axiology,” JCAP 1209 (2012) 006, 1207.1128.

[13] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, and J. March-Russell, “String Axiverse,” Phys.Rev. D81 (2010) 123530,

0905.4720.

[14] A. Arvanitaki and S. Dubovsky, “Exploring the String Axiverse with Precision Black Hole Physics,” Phys.Rev. D83 (2011) 044026, 1004.3558.

[15] E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle, “Synthesis of the Elements in Stars,” Rev. Mod. Phys. 29 (Oct, 1957) 547–650.

[16] S. Gukov, C. Vafa, and E. Witten, “CFT’s from Calabi-Yau four folds,” Nucl.Phys. B584 (2000) 69–108, hep-th/9906070.

[17] K. Becker, M. Becker, M. Haack, and J. Louis, “Supersymmetry breaking and alpha-prime corrections to flux induced potentials,” JHEP 0206 (2002) 060, hep-th/0204254.

[18] M. Grana, “Flux compactifications in string theory: A Comprehensive review,” Phys.Rept. 423 (2006) 91–158, hep-th/0509003.

[19] D. Lust, S. Reffert, E. Scheidegger, W. Schulgin, and S. Stieberger, “Moduli Stabilization in Type IIB Orientifolds (II),” Nucl.Phys. B766 (2007) 178–231, hep-th/0609013.

[20] V. Balasubramanian, P. Berglund, J. P. Conlon, and F. Quevedo, “Systematics of moduli stabilisation in Calabi-Yau flux compactifications,” JHEP 0503 (2005) 007, hep-th/0502058.

[21] J. P. Conlon and F. Quevedo, “Kahler moduli inflation,” JHEP 0601 (2006) 146, hep-th/0509012.

[22] J. P. Conlon and F. Quevedo, “Astrophysical and cosmological implications of large volume string compactifications,” JCAP 0708 (2007) 019,

0705.3460.

[23] M. Cicoli, M. Goodsell, and A. Ringwald, “The type IIB string axiverse and its low-energy phenomenology,” 1206.0819.

[24] K. Hristov, “Axion Stabilization in Type IIB Flux Compactifications,” JHEP 0901 (2009) 046, 0810.3329.

[25] T. W. Grimm, “Axion inflation in type II string theory,” Phys.Rev. D77 (2008) 126007, 0710.3883.

[26] L. McAllister, E. Silverstein, and A. Westphal, “Gravity Waves and Linear Inflation from Axion Monodromy,” Phys.Rev. D82 (2010) 046003,

0808.0706.

[27] R. Flauger, L. McAllister, E. Pajer, A. Westphal, and G. Xu, “Oscillations in the CMB from Axion Monodromy Inflation,” JCAP 1006 (2010) 009,

0907.2916.

[28] R. Blumenhagen, V. Braun, T. W. Grimm, and T. Weigand, “GUTs in Type IIB Orientifold Compactifications,” Nucl.Phys. B815 (2009) 1–94,

0811.2936.

[29] R. Blumenhagen, S. Moster, and E. Plauschinn, “Moduli Stabilisation versus Chirality for MSSM like Type IIB Orientifolds,” JHEP 0801 (2008) 058, 0711.3389.

[30] D. S. Freed and E. Witten, “Anomalies in string theory with D-branes,” Asian J.Math 3 (1999) 819, hep-th/9907189.

[31] A. Collinucci, M. Kreuzer, C. Mayrhofer, and N.-O. Walliser, “Four-modulus ’Swiss Cheese’ chiral models,” JHEP 0907 (2009) 074,

0811.4599.

[32] M. Cicoli, C. Mayrhofer, and R. Valandro, “Moduli Stabilisation for Chiral Global Models,” JHEP 1202 (2012) 062, 1110.3333.

[33] V. Balasubramanian, P. Berglund, V. Braun, and I. Garcia-Etxebarria, “Global embeddings for branes at toric singularities,” JHEP 1210 (2012) 132, 1201.5379.

[34] M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo, and R. Valandro, “D-Branes at del Pezzo Singularities: Global Embedding and Moduli Stabilisation,” JHEP 1209 (2012) 019, 1206.5237.

[35] T. W. Grimm, M. Kerstan, E. Palti, and T. Weigand, “On Fluxed Instantons and Moduli Stabilisation in IIB Orientifolds and F-theory,” Phys.Rev. D84 (2011) 066001, 1105.3193.

[36] R. Blumenhagen and M. Schmidt-Sommerfeld, “Power Towers of String Instantons for N=1 Vacua,” JHEP 0807 (2008) 027, 0803.1562.

[37] C. Petersson, P. Soler, and A. M. Uranga, “D-instanton and polyinstanton effects from type I’ D0-brane loops,” JHEP 1006 (2010) 089, 1001.3390.

[38] R. Blumenhagen, S. Moster, and E. Plauschinn, “String GUT Scenarios with Stabilised Moduli,” Phys.Rev. D78 (2008) 066008, 0806.2667.

[39] M. Cicoli, C. Burgess, and F. Quevedo, “Anisotropic Modulus Stabilisation: Strings at LHC Scales with Micron-sized Extra Dimensions,” JHEP 1110 (2011) 119, 1105.2107.

[40] M. Cicoli, F. G. Pedro, and G. Tasinato, “Poly-instanton Inflation,” JCAP 1112 (2011) 022, 1110.6182.

[41] M. Cicoli, G. Tasinato, I. Zavala, C. Burgess, and F. Quevedo, “Modulated Reheating and Large Non-Gaussianity in String Cosmology,” 1202.4580.

[42] R. Blumenhagen, X. Gao, T. Rahn, and P. Shukla, “A Note on Poly-Instanton Effects in Type IIB Orientifolds on Calabi-Yau Threefolds,” JHEP 1206 (2012) 162, 1205.2485.

[43] M. Cicoli, F. G. Pedro, and G. Tasinato, “Natural Quintessence in String Theory,” 1203.6655.

[44] R. Blumenhagen, X. Gao, T. Rahn, and P. Shukla, “Moduli Stabilization and Inflationary Cosmology with Poly-Instantons in Type IIB Orientifolds,” 1208.1160.

[45] X. Gao and P. Shukla, “On Non-Gaussianities in Two-Field Poly-Instanton Inflation,” JHEP 1303 (2013) 061, 1301.6076.

[46] D. Lust and X. Zhang, “Four Kahler Moduli Stabilisation in type IIB Orientifolds with K3-fibred Calabi-Yau threefold compactification,” JHEP 1305 (2013) 051, 1301.7280.

[47] X. Gao and P. Shukla, “On Classifying the Divisor Exchange Involutions in Calabi Yau Threefods with h^{1,1} ≤ 4,” To appear.

[48] E. Witten, “Non-Perturbative Superpotentials In String Theory,” Nucl.

Phys. B474 (1996) 343–360, hep-th/9604030.

[49] M. Kerstan and T. Weigand, “Fluxed M5-instantons in F-theory,” Nucl.Phys. B864 (2012) 597–639, 1205.4720.

[50] S. Kachru, R. Kallosh, A. D. Linde, and S. P. Trivedi, “De Sitter vacua in string theory,” Phys.Rev. D68 (2003) 046005, hep-th/0301240.

[51] A. Westphal, “de Sitter string vacua from Kahler uplifting,” JHEP 0703 (2007) 102, hep-th/0611332.

[52] C. Burgess, R. Kallosh, and F. Quevedo, “De Sitter string vacua from supersymmetric D terms,” JHEP 0310 (2003) 056, hep-th/0309187.

[53] A. Saltman and E. Silverstein, “The Scaling of the no scale potential and de Sitter model building,” JHEP 0411 (2004) 066, hep-th/0402135.

[54] M. Cicoli, A. Maharana, F. Quevedo, and C. Burgess, “De Sitter String Vacua from Dilaton-dependent Non-perturbative Effects,” 1203.1750. 22 pages + two appendices, typos corrected.

[55] J. P. Conlon, “The QCD axion and moduli stabilisation,” JHEP 0605 (2006) 078, hep-th/0602233.